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Outline

* Program for performing an OOF-
style construction of a
skeleton/mesh over a 3-D
microstructure as scaffold

+ Status of parallel/distributed OOF2
» Status of OOF on Windows
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WOOF Mezzagez and Controls

takeGLListSkelston|

MakeGLListSkeleton[GLLIST_SKEL_WIRES): 298 wire tetz ;I

takeGLListSkeleton[GLLIST_SKEL_WIRES): 305 wire tetz

bl akeGLLIstS keleton(GLLIST_SKEL_SOLIDS] 288 solid etz

M akeGLLIstS keleton[GLLIST_SKEL_WIRES): 296 wire tetz
[GLLIST_SKEL_SOLIDS): 302 zolid tetz

MakeGLLIstS keleton[GLLIST_SKEL_WIRES): 754 wire tetz

takeGLLIstS keleton(GLLIST_SKEL_SOLIDS] 754 solid tetz

M akeGLLIstS keletor[GLLIST_SKEL_MODES]): 223 nodes j

-

— Command line

WwWoaF:

r Microstucture sections

# pivelz  from ID to |14
Update | Y piwels  from IU ta |2E|
Z pivelz  from ID to |5
 Skeleton elements filter
—Homogeneity —Shape
" Enable [" Enable
— Salids
colar map ID IEI
v Enable
alpha [ Mowl - [ MHowl ~
ID range [+/] |0.1 range [+ ID.'I
— Skeleton nodes filker — Dominant pixel
JALL NODES =] | T Ense [1 ]

http://www.ctcms.nist.gov/~rlua/FE/woof



Goals

* Write a 3-D skeleton-modification engine,
mimicking that in OOF2, that may form a
basis of study and perhaps incorporated in a
future version of OOF2 (i.e. OOF3).

» Build functioning mock-applications on top of
the skeleton-modification routines to
explore the feasibility of an OOFS3.

11/06/2006 4



Recall what OOF2 does

OOF2 fits an FE mesh on top of a microstructure
derived from a micrograph or image:

I

http://www.ctcms.nist.gov/~rlua/oof 2
R Red-States/Blue-States image taken from
Gastner, Shalizi, Newman

..such that each mesh element:

1. has a 'good’ shape,

2. encloses a single type of material or
color (i.e. homogeneous),

3. is much larger than a single pixel.
11/06/2006 5




OOF terminology primer

1. Skeleton - defines the geometry of the mesh.

Skeleton-modification - tools for modifying a
skeleton so that it follows material boundaries.

Homogeneity = 1.0

2. Homogeneity index -

bga

/
Homogeneity = 0.3 4

Homogeneity = 0.5
(http://www .ctcmrs.nist.gov/~langer/oof 2man/ Section-Concepts-Skeleton.html)

Homogeneity energy: E, = 1.0 - (Homogeneity index)

11/06/2006 6



(continued) OOF terminology

3. Shape index - ‘
T

Shape index = 1.0 Shape index close to O
Shape energy: E, = 1.0 - (Shape index)

4. Effective element energy: E = aF, + (1-a)E,

E is a measure of the desirability of an

element.

It is used as an energy in skeleton annealing.

Low E is generally good. Parameter ‘alpha’ ()

tunes the emphasis between homogeneity and
11/06/2006 shgpe. 7



Calculation of indices in
OOF 3 mock-up

1. Homogeneity index - statistically sample the
interior of the element for the dominant pixel.

Example: get a set of mndom points inside friangle.
Generate random points
within parallelogram. Fold
back points that fall
outside the triangle

http://vcg.iei.pi.cnr.it/activities/geometryegraphics/pointintetraedro.himl

2. Shape index - Ratio of the size of the inscribing
sphere to the circumscribing sphere (times a
normalizing factor).

Very small inscribed sphere!

A
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Design philosophy for OOF3
mock-up
» Extend the skeleton-modification methods

of OOF2 into 3-D.

+ Use as little run-time computer memory as
possible (Memory that scales with the
problem size). If you can compute it, then
don't store it.

+ Simple, easy-to-use programming interface.

* Provide option to make skeleton compatible
with periodic boundary conditions.
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Skeleton data structure

AL‘
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Class hierarchy for skeleton
vertex

Obviates need
for extra
storage or flag
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Microstructure format

Simple two-pixel color 3-D array.
(Sufficient to define a machine part)

Graphics output

Input file

#First line must be pixel dimensions nx,ny,nz

929 4

#tSecond line must be physical dimensions s¥®,5Y,52

9.8 29.8 4.8

#irixel data
AABAA0ABABAA0BAO0AAABAAOBAG0A
gg11111868600611111880881111111
111111188881 11111188681111111
111886111861118686111868116808688
1118881118111 888111881111111
111488611188111 8861118811111 11
g1111111686886111111160881166808088
ge111110600068111118086811688088
BB 0B0RBAAA0AB0BAABRBAGABA0
#

BB 0B0RBAAA0AB0BAABRBAGABA0

11111111111111111111111111111

Use 1-D array of chars or bytes for storage: 00111110,00...

11/06/2006
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Skeleton-modification
techniques

. Refinemen‘r - break down tetrahedral elements into
smaller tetrahedrons.

+ Simulated annealing:

1. Random (gaussian) nodal displacements.

2. Nodal motion toward average neighbors’
position.

3. Nodal motion along an element edge
towards microstructure interfaces
(transition points).

11/06/2006
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Refinement

Mark one or more element edges for bisection
depending on element homogeneity or other
user preference. Examples:

AN AN
AN W ANEYAN

Edge bisection will induce the bisection of the
element faces as well as those of neighboring
elements.

11/06/2006 14




Tetrahedron Refinement:
Java demo

(http://www.ctcms.nist.gov/~rlua/FE/refinery)

4. Tetrahedron Refinerp :-sa.s;: i ;lglil

Toggle Axes Refinel Reset Wiew 0 - || Clear Output
0.0,0.5 0.5 -]
050004
volume=0.0208333333:
v W TET ho. 4
00,0004
v 0.0, 0.5 0.5
0500048
v 0.0,0.0,1.0
wolume=0.0208333333;
v Minimum child Volume=0.0208333333:
Total Wolurme=0.1GEREEEREEERRRRES
End transaction.
1] | 2P
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Skeleton Refinement:

Java demo

(http://www.ctcms.nist.gov/~rlua/FE/refinery/skeleton)

i Skeleton Refinery

Initial Skelet =

Create Skeleton

ALL ELEMENTS

Jr 1.0

Togale Axes Reset View

Clear Output

E

Creating initial skeleton...

Dimensions (hoxes): 2x2xl

mumber oftetrahedrans: 40 (five per box)
mMumber of vertices: 27

Homogeneity index: 0. 94097 22222222224

~ |HEnd transaction.
r|

|+

L]

11/06/2006

16



Annealing

Monte Carlo molecular dynamics of the nodes
Step 1: Pick nodes or vertices to move.

Step 2: Perform a trial move of each node.
Move possibilities:

1. Standard - random (gaussian) nodal
displacements

2. Smoothing - move node towards the average
position of its neighbors.

3. Snap-nodes - move hode along an edge towards
the interface between two phases, called
transition points.

Step 3: Accept or reject the move based on a
boltzmann factor: exp(-AE/T) > r

11/06/2006 r - random number in [0,1] 17



(continued) Annealing:
Snap-hodes

Transition points ——_

"o  Choose the best move

/

Correlated Snap-nodes:

Example: A

j> ;A‘i

(http://www.ctcms.nist.gov/~langer/oof 2man/RegisteredClass-SnapNodes.html)

(Present in OOF2, but not implemented yet in mock-ups.)

11/06/2006
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OOF3 Demo
WOOF - a C++/MFC/OpenGL

Crea’r%l:)aD rL'i%%E"r?*@c‘rure:

Phase-1 forms
a donut (torus)

Phase-0 (yellow)
Phase-1 (cyan)

WOOF Messages and Controls

005 0OF Labs ]
WOOF > Creating microstructure. .

Fieading microstructure data...

Pizel dimensions: 15 2 304 6

Physical dimenzsions: 15000000 % 30.000000 = 5000000
...done.

el

— Command line

WOOF> h aresz > |
11/06/2006
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(demo continued)
Create an initial skeleton

Create Skeleton |
Grid dimenzions Periadicity
[ %-penodic
I‘“ ® |B = |2 - Cancel |
[ %-periodic
v Z-peniodic
¥ altemate shicing - Each cellis split into 5§ [checked) or B (unchecked) tetrahedrons.
WOOF Meszages and Controls
WOOF > Creating zkeletan, . :I

Bowes: 42 b6x 2

Mumber af tetrahedrons: 240

Mumber of vertices: 105

Homogeneity indes: 00873173

Shape index: 0773382

...done.

b akeGLListSkeleton[GLLIST _SKEL *WIRES]: 240 wire tets

— Command line

"WOOF:

Mores |

Because of z-periodic boundary

11/06/2006

condition, mesh topology is also a
torus! (preserved after any
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(demo continued)

Display wire-frame of elements that contain phase-1

11/06/2006

as a dominant pixel

WOOF Messages and Controls

Boses: 4468 2
Mumber of tetrahedrons: 240
Mumber of vertices: 105

Shape index: 0773382
...done.

Homogeneity index: 0873173

M akeGLLiztSkeletonGLLIST_SKEL_WIRES]: 240 wire tets
MakeGLListSkeleton[GLLIST_SKEL_WIRES]: B0 wire tets

— Cammatid line

WwOOF:

Hide<« |

— Microstucture zections

# pivelz  from ID o |14
Update | Y pivels  from ID ta |29
Z pizels  from ID to |5
r— Skeleton elements filter
—Homogeneity — Shape
[" Enable _ [ Enable _
— Solidz
color map ID ID
[" Enable
alpha [ Mowl -~ [ Mowl -~
ID range [+/-] 0.1 1ahge [+ ID.'I
r— Skeleton nodes filker — Dominant pisel
[ALL NODES =] || MEnble [1 =]

21



(demo continued)Snap-nodes
of initial skeleton

Snap Skeleton

Targets

% |4LL NODES | Cancel |

— Homogeneity threshald—  — Critenan

alpha

=

|n.55 | 4VERAGE ENERGY x|

T

— Maonte Carlo parameters

delta |1 AMD [
may iterations I'IEI

[ conditional

IEI
[ acceptance rate IEI.E
reduction rate IEI.E

11/06/2006

Homogeneity index
increased by 0.01 and
shape index decreased
by 0.02. Skeleton
changed little.

WOOF Messages and Controls

Shape indew: 0754024 |

|teration no. 9

Acceptance rate; 0342857

Skeleton energy reduction rate: -0.005537

Homogeneity index: 0888175

Shape index: 0.7519330
MakeGLListSkeleton[GLLIST_SKEL_WIRES]: 57 wire tets
Mumber of tetrahedrons: 240
Mumber of wertices: 105

T

— Command line

WOOF:

22



considerably (up 0.06) but shape
index went down (-0.11). Let us use
anneal and smooth to try to
remove the sharp edges that can

(demo continued)

Refine heterogeneous

elements in skeleton

Homogeneity index increased

injure an engineer!

11/06/2006

Refine Skeleton

Targets

[HETERD ELEMENTS =] Carcel |

—Homogeneity threzhold —

0.700000

f

WOOF Meszages and Controls

WOOF:Refining skeletan. ..
MakeGLListSkeleton[GLLIST_SEEL WIRES]: 138 wire tets
Refined 189 tetrahedrons

Murber of tetrahedrons: 1040

Murnber of vertices: 298

Homogeneity index: 0950058

Shape index: 0633938

...daone.

MakeGLListSkeleton(GLLIST _SKEL WIRES): 147 wire hets

— Command line

T

WiooF:

23



(demo continued)
Standard Anneal

Anneal Skeleton

A modest change,

T argets
up by 0.02.
—Haomoageneity threshold—  — Criterion p y
IEI.BE |;’-‘«\-’EHI—'«GE ENEHGYj

alpha I

px— | L,

—Mante Carlo parameters
[T conditional WOOF Messages and Controls

IEI
! acceptance rate ID.E Skeleton energy reduction rate; -0.005538 ;I
I‘I—

Homogeneity index: 0.945480
AND [ Shape index: 065159

. [teration no. 9
reduction rate IU-E Acceptance rate: 0.067114

Skeleton energy reduction rate; 0003246
rniax ikerations |‘| 0 Homogeneity index: 0946336

Shape index: 0.661385
MakeGLListSkeleton[GLLIST_SKEL_WIRES]: 1040 wire tets

delta

Ll

— Command line

WwOOF

11/06/2006 Y




(demo continued) Smoothing

Smooth Skeleton

Targetz

|LL NODES

—Homogeneity threshald—

IEI.E'-4

=

— Criterion

Cancel |

| 4VERAGE ENERGY x|

alpha I

.

— Mante Carlo parameters
T IEI
I'I

delta

acceptance rate IEI.E

reduction rate IEI.E
may iterations |3

[ conditional

AND

11/06/2006

WOOF Meszzages and Controls

Again, a modest
change, shape
index went up by
0.04.

Acceptance rate: 0 486577

Skeleton energy reduction rate; 0003713
Haomaogeneity index: 0941028

Shape index: 0.703357

Mumber of tetrahedrons: 1040
Mumber of vertices: 238
...done.

M akeGLListSkeleton[GLLIST_SEEL _WIRES]: 2330 wire tets

— Commatd line

WOOF:

25



(demo continued)
Color-map of skeleton solids
indicating element energy

microstructure (phase-1) + wires + solids

Cool colors (white,yellow) indicate badly-
shaped elements

wires + solids

11/06/2006 26



Verifying the correctness of
the skeleton

- Test that the tetrahedrons are non-
singular, and that 2 V. .=V, _..

» Congruence of skeleton - Check that
a face of a tetrahedron matches with
exactly one other face in another
element.

» Export the skeleton into abaqus (cae)

11/06/2006 27



X

11/06/2006

orted skeleton: OOF3 to

Abaqus

H S L EN ST ST oo =2 W e RO T

-1 ABAG
kAodel

“iewport  Wiew  Instance Constraint  Feature  Tools

. |_| ellxl

Flug-ins Help

= = x|

CoE= | w7 |

NEeEES e ad@NUE| BEA IO @& @

Jan - g | module: [Assembly
=& Model Database = (g :=::
= fE hodels (2)
= Model-1 CInELE
- [lg Parts (0} e
<|Bz Materials () -
- 3§ Sections (0) fdif ao
- Profiles (0} :
= fE Asszembly aignrs
+ ola Steps (1] — E
E= Field Output é:
e History Cutp
Interactions i e |;|_—|

Interaction P : o T 1

B

Contact Con _ l ;gi]
i i Ll—l | }(l DOrag the mouse in a wiewport to rotate the wiews

:l kodel: |wu:u:uf2&baqus:| Step: Ilnitia

The model "woofZabagqus" has been created.

The part "PART-1" has been imported from the input file.

The model "woofiZabagus" has been imported from an input file.
Please scroll vp to check for error and warning messages.

Y
[ e
W
i A
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Caveat!

This is a mock-up (albeit a working mock-up).
Features in OOF2 that are missing in this mock-up:
-Scriptability - be able to save/record your work and
‘play’ them back later. Key to automation.

‘Defining materials and properties
‘Image processing and skeleton manipulation
‘FEM solver
*Parallel/distributed computing capability
‘Portability - e.g. for GUI interface code.
‘Working with multiple microstructures, skeletons or
mesh at the same time. Undo/Redo mechanism.
*And the list goes on...
Many of these features will carry over to OOF3
when OOF2 is used as a code-base.

11/06/2006 29



Options for Graphics and
GUI toolkits

+ Java AWT (Abstract Window Toolkit)
* VPython

» OpenGL + GTK. (Trivia: The dinosaurs in
Jurassic Park and the T1000 in T2 were OpenGL

applications.)

» VTK (Visualization ToolKit)
+ OpenDX

11/06/2006
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Parallel/Distributed mode of

11/06/2006

(Shifting gears...)

OOF2

Process 1 Process O (front end)
[i=] (]3]
Fle Layer Settings Windows
Toolbox:  Siewer Ad / = E
Position Information ] \ /
Pixel: | |
Zoom :
& In ‘ @), out ‘ @ Fill
Zoom Factor: [ 1.5
shift+Click: Zoom in - / 05
Ctrl+Click: Zoam aut N
: [ hd| ~
4] | ﬂ 4] / \ [+ Clear Marl ‘
Layers

Show ‘Map ‘What

N

Kl /

Process 3

Process 2

31



(continued) Parallel OOF2

TODO:

‘Combine the data and results into a single
graphics output at the front-end.

‘Rigorous testing in a cluster. Professor R.
Edwin Garcia has offered his computing
resources at prometheus.ecn.purdue.edu (A
Mac cluster).

11/06/2006 32



11/06/2006

OOF on Windows

Windows btild using-a native compier

Instead employ a Cygwin solution.
Cygwin (www.cygwin.com) is a tool for

building Unix programs that will run on
Windows.

33



OOF2 on Cygwin

File

Windows

Settings

E Task: @llntmductiun Iv 5}|

Welcome to OOF2!r
Version 2.0.1 X

0OF2 performs physical computatic_file Windows

micrograph or other image of the
up pages that lead you through the E an;

[¥ Error [¥ Query ¥ Report ¥ Wamning ¥ Log

Here is an extremely o0 - - —
For more details and| % OOF2 Graphics 1 g@
manual, which may bl 5.
loof2man.

Layer Settings Windows

Toolbox: Viewer

a max
|~ m—

First, create a Micros|
la map which assign

Position Information:
Pixel: I I

Physical I I

-Z0om
& n |a0ut |QHH | :
oom Factorll.s d

Shift+Click: Zoom in
Ctri+Click: Zoom out

min

J) Canvas Info #
E | 4 IO C\earMarkl

<

Layers
Show |Map |What

2T @50 zsem

" X oorz

H X OOF2 Messages 1

m‘] & ~joofjoaf2-2.0.1

http://www.ctcms.nist.gov/~rlua/FE/win/oof2.html

11/06/2006
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OOF1 on Cygwin

-
|_‘( X 0OF drawer

| X -/oof/oof-dist1.037/x00f
RHOMEt.0shiba-user C

% ./oof
NN PN NN NN PN LN PN 2PN
" i

0oF — Object Oriented Finite element analusis
for Materials Science

Brought to you by the

Center for Theoretical and Computational Haterials Science
and the Information Technology Laboratory

at the Mational Institute of Standards and Technology
and the
Department, of Materials Science and Engineering
Maszachuzetts Institute of Technology
Stephen A, Langer U, Craig Carter

Edwin R. @
X 00F 1.1.21 ==

hbtprddy
I
L e PN TP e
2

R 00F Yersion 1.1
i} Using TrusColor wizual of ¢

A

X ~foofjoof-dist1.037/...

QOF drawer

BT @X0an@SOGME s

X OOF 1121 »>

http://www.ctcms.nist.gov/~rlua/FE/win/oof1l.html

11/06/2006
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Supplementary material

Skeleton-modification using WOOF for a
simple microstructure (cyallow3D)

11/06/2006
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Create an initial skeleton

Create Skeleton

Grid dimenzions Feriadicity
[T *-peniodic -

|2 o % |2 - Cancel |
v *-periadic
v Z-periodic

[ Alemate slicing - Each celliz split inta 5 [checked) ar B [unchecked) tetrahedrons.

WOOF Meszages and Controls

W OOF > Creating skeletan... ;I
 akeGLLiztSkeleton[GLLIST _SEEL WIRES] 43 wire tetz
M akeGLLiztSkeleton[GLLIST_SKEL_MWODES]: 27 nodes
Bores: 2u2u?

Murnber of tetrahedrong: 48

Murber of vertices: 27

Hamogeneity index: 0.397727

Shape index: 0.738558

...done.

Display skeleton
— Command line WII"@S Gnd nOdZS

Ll

wiop | | More>> (9 r-een).
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Snap-nodes

For the microstructure, display only the yellow
pixels o see more clearly what went on...
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